Immobilization of Electroporated Cells for Fabrication of Cellular Biosensors: Physiological Effects of the Shape of Calcium Alginate Matrices and Foetal Calf Serum by Katsanakis, Nikos et al.
Sensors 2009, 9, 378-385; doi:10.3390/s90100378 
 
sensors 
ISSN 1424-8220 
www.mdpi.com/journal/sensors 
Article 
Immobilization of Electroporated Cells for Fabrication of 
Cellular Biosensors: Physiological Effects of the Shape of 
Calcium Alginate Matrices and Foetal Calf Serum 
 
Nikos Katsanakis 
1, Andreas Katsivelis 
1 and Spiridon Kintzios 
1, 2, * 
 
1   Laboratory of Plant Physiology, Faculty of Agricultural Biotechnology, Agricultural University of 
Athens, Greece 
2  EMBIO Diagnostics Project, Nicosia, Cyprus 
 
* Author to whom correspondence should be addressed; E-mail: skin@aua.gr; 
Tel.: +302105294292; Fax: +30 210 5294286 
Received: 14 November 2008; in revised form: 18 December 2008 / Accepted: 26 December 2008 /  
Published: 9 January 2009 
 
Abstract: In order to investigate the physiological effect of transfected cell immobilization 
in calcium alginate gels, we immobilized electroporated Vero cells in gels shaped either as 
spherical beads or as thin membrane layers. In addition, we investigated whether serum 
addition had a positive effect on cell proliferation and viability in either gel configuration. 
The gels were stored for four weeks in a medium supplemented or not with 20% (v/v) 
foetal calf serum. Throughout a culture period of four weeks, cell proliferation and cell 
viability were assayed by optical microscopy after provision of Trypan Blue. Non-
elaborate culture conditions (room temperature, non-CO2 enriched culture atmosphere) 
were applied throughout the experimental period in order to evaluate cell viability under 
less than optimal storage conditions. Immobilization of electroporated cells was associated 
with an initially reduced cell viability, which was gradually increased. Immobilization was 
associated with maintenance of cell growth for the duration of the experimental period, 
whereas electroporated cells essentially died after a week in suspension culture. 
Considerable proliferation of immobilized cells was observed in spherical alginate beads. 
In both gel configurations, addition of serum was associated with increased cell 
proliferation. The results of the present study could contribute to an improvement of the 
storability of biosensors based on electroporated, genetically or membrane-engineered 
cells. 
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1. Introduction 
 
Electroporation is a standard method for the production of specifically responding cells, either 
through genetic engineering [1] or through the electroinsertion of receptor-like molecules on the cell 
membrane (membrane-engineering) [2, 3]. The utility of electroporation for incorporation of 
exogenous molecules into living cells depends upon the formation of a permeable state in the cell 
membrane, which in turn depends upon the field strength and duration of the applied electric pulse. 
Frequently, high field strengths (required by various experimental protocols) are associated with 
increased cell death. Therefore it is highly desired to apply any conditions contributing to increasing 
the viability of electroporated cells. Bahnson and Boggs [4] reported that serum contains components 
which rapidly reseal the membranes of electroporated murine myelomonocytic leukaemia cells, 
therefore improving survival of highly permeated cells and increasing the DNA electrotransfection 
efficiency. Delteil et al. [5] demonstrated a concentration-dependent increase in electroporated cell 
viability: the number of surviving Chinese hamster ovary (CHO) cells after administration of 20% 
(v/v) FCS was almost three times higher than control. 
The successful application of an immobilized cell system as a biocatalyst relies on the proper choice 
of the main components of the system, including the matrix material, the configuration of the 
immobilization system, the cell type and the formulation of the nutrient medium. In the case of cellular 
biosensors based on immobilized cells, immobilization not only helps in forming the required close 
proximity between the biomaterial and the transducer, but also helps in stabilizing it for reuse [6, 7]. 
Among the desirable characteristics for immobilized cell systems are a high surface area-to-volume 
ratio, chemical and mechanical stability and optimum diffusion of oxygen and nutrients [8]. 
Various studies have demonstrated that the physiology of immobilized cells is generally 
comparable to cells in suspension [7]. The majority of these experiments have been carried out using 
bacterial cells, while only a few reports are focused on the properties of immobilized mammalian  
cells [9, 10]. In these few cases, immobilization was found to considerably affect cell metabolism and 
cell apoptosis, possibly due to changes in local nutrient concentration as a result of mass transfer 
limitations [11].  
Calcium alginate is a very favorable immobilization matrix for living cells, due to its low cost, wide 
availability and very mild gelling conditions [12]. In a recent report [13], we investigated the effect of 
the shape of the immobilization matrix on the viability and physiology of Vero cells entrapped in 
calcium alginate gels shaped either as spherical beads or as thin membrane layers. Vero cell 
proliferation was observed only in spherical beads and was associated with increased [Ca
2+]cyt., as well 
as increased mass and oxygen transfer from the surrounding nutrient medium to the immobilized cells.  
Therefore, in the present study we investigated the effect of both the shape of the calcium alginate 
matrix and foetal calf serum addition on the viability and proliferation of electroporated Vero cells. 
The results of the study are discussed in view of their practical implementation in the construction of 
cell biosensors.  Sensors 2009, 9                                       
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 2. Experimental Section 
 
2.1. Cell culture   
 
Monkey African green kidney (Vero) cells were routinely subcultured as described previously [8, 
9]. Prior to immobilization, cells were clonally expanded by subculture in Dulbecco’s medium with 
10% heat-inactivated bovine serum, 10% antibiotics (streptomycin) and 10% l-glutamine. Each 
subculture lasted 3 days and cells were trypsinized at a 1:3 ratio. After cell detachment from the 
culture vessel by adding trypsin/EDTA for 10 min at 37 °C and cell concentration by centrifugation (6 
min, 1,200 rpm, 25 °C), cells were ready for electropulsation and immobilization according to the 
following protocols. 
 
2.1.1. Electroporation 
 
The electroporation protocol has been described elsewhere [2, 14]. Briefly, cells were centrifuged 
for 6 min at 1,000 rpm and resuspended in the ‘pulsing buffer’ at a concentration of 3x10
6 cells per 
mL. The volume of the pulsing buffer was 200 μL textural of 0.14 M NaCl, 5 mM NaH2PO4H2O, 5 
mM Na2HPO412H2O, pH 7.4. The low ionic content saline buffer allowed for the delivery of pulses of 
long duration (ms) at high voltages (1,800 V). The solution was transferred to the specific 
electroporation tube of the voltage generator (EC100, Thermo) which gave square-wave electric 
pulses. The experiments were performed under a laminar flow hood. Two pulses lasting 5 ms were 
applied. Control electroporated cells were not immobilized and cultured in suspension. 
  
2.1.2. Cell immobilization 
 
(a) Ca–Alginate Thin Layer (TL). Following a modified procedure of the method described by De 
Backer et al. [15] and Kintzios et al. [10], one milliliter of cell suspension (electroporated or control) 
was mixed with 4% (w/v) sodium alginate solution (3 mL), then transferred on a filter paper (with a  
5 cm diameter) soaked in a Petri dish in 0.8 M CaCl2 (1.5 mL). The resulting calcium alginate gel 
membrane, with dimensions 4 mm x 6 mm x 0.5 mm and containing cells, was solidified within 2–3 
min and was 1 mm thick. 
(b) Ca–Alginate Spherical Beads (SB). cell suspension (electroporated or control, 1 mL) was mixed 
with 4% (w/v) sodium alginate solution (3 mL) and then the mixture was added dropwise, by means of 
a 22G syringe, to 0.8 M CaCl2. Each of the resulting calcium alginate beads had an approximate 
diameter of 2.5–3 mm. 
 
2.1.3. Cell storage in alginate gels 
 
Approximately 50,000 cells were immobilized per gel bead or thin layer. Gels with immobilized 
cells were maintained in Dulbecco’s medium with 20% (v/v) foetal calf serum (FCS) or without FCS, 
at room temperature (24±0.3°C), under normal atmospheric (i.e. non-CO2-enriched) conditions. 
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2.2. Optical microscopy assays 
 
Thin cross-sections (approximately 10 μm thick) of gels with immobilized cells were placed on a 
haemocytometer, mounted on an optical microscope with a digital camera (SONY S75 digital still 
camera) attached to it and trypan blue (10 μL) was added for 5 minutes at room temperature to each 
configuration. The number of viable (unstained) and dead (stained) cells was counted. The average 
number of unstained cells in each quadrant was calculated to find the density of cells per optical field 
and the percentage of cell death was extracted. Five cross-sections were made from each gel bead or a 
gel thin layer. The orientation of each cross-section was random, so that the totality of all cross-
sections would equally represent cell populations in different locations within the gel. Cell 
proliferation was assayed by means of simple cell counting, without the addition of any dye. The 
number of cells (stained or not) was counted both manually and by using Doc-It
®LS Image 
Acquisition and Analysis Software.   
 
2.3. Chemicals 
 
Unless otherwise stated, all solvents and chemicals used were of analytical quality and provided 
from Fluka. Water was double distilled. Cell cultures were originally provided from the American 
Type Culture Collection (ATCC).  
 
3. Results and Discussion 
 
Although more than 80% of the electroporated Vero cells were viable one day after electroporation, 
less than 3% survived in suspension after a week (Figure 1). Supplementation of the culture medium 
with 20% (w/v) FCS was associated with a slight increase in the number of viable cells. On the 
contrary, immobilization of electroporated cells was associated with an initially decreased cell 
viability, which was gradually increased over a four-week culture period. Both the addition of FCS and 
the shape of the immobilization matrix had a considerable effect on cell proliferation. During the four-
week culture period, considerable proliferation of immobilized cells was observed in spherical alginate 
beads, especially when the nutrient medium was supplemented with FCS, while the observed cell 
proliferation in thin layer membrane was lower (Figure 2). In both gel configurations, addition of FCS 
was associated with increased cell proliferation. Immobilization effects on cell proliferation were 
inversely associated with the observed patterns of cell death: in spite of the high occurrence of dead 
cells at the beginning of the culture (75–88%, depending on treatment), the percentage of dead (Trypan 
Blue-stained) cells in all configurations declined during the culture period (Figure 3). 
Increased cell proliferation in spherical beads, compared to thin gel layers, was previously reported 
for non-electroporated Vero cells [16]. This “gel-shape” effect was attributed to an increased 
efficiency of mass transfer from the nutrient medium to the immobilization matrix,  which was 
estimated by calculating the diffrerent mass transfer Biot number (Bim) of spherical beads and thin 
layers. Immobilization effects on cell proliferation were invertedly associated with cell death and 
[Ca
2+]cyt accummulation. Other reports demonstrated the beneficial effect of immobilization in 3-D 
matrices on cell growth and differentiation [13, 17, 18]. Nevertheless, the immobilization procedure Sensors 2009, 9                                       
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itself can result in considerable cell stress, thus inhibiting cell division [19], frequently accompanied 
by increased oxidative stress [20] or even leading to cell death [16]. This could provide an explanation 
for the observed initially lower viability of immobilized cells compared to cells cultured in suspension.  
 
Figure 1. Effect of supplementation of 20% (v/v) FCS to the nutrient medium on the 
proliferation of electroporated Vero cells in suspension (black columns: day 1, white 
columns: day 2, gray columns: day 7) (n = 10 replications and error bars represent standard 
errors of the average value of all replications). 
 
 
Figure 2. Effect of the shape of the immobilization matrix and the addition of 20% (v/v) 
FCS on the proliferation of electroporated Vero cells (electroinsertion of SOD, n = 10 
replications and error bars represent standard errors of the weekly average value of all 
replications). 
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Figure 3. Effect of the shape of the immobilization matrix and the addition of 20% (v/v) 
FCS on the death of electroporated Vero cells, as indicated by trypan blue staining 
(electroinsertion of SOD. Percentage of dead cells which absorb the stain/cell density. 
n=10 replications and error bars represent standard errors of the weekly average value of 
all replications). 
 
There are only a few reports on the beneficial effect of serum on the survival of electroporated cells, 
whereas minimal side effects (concerning cell permeabilization to electroloaded molecules) have been 
reported.  Delteil et al. [5] showed that cell viability was increased if cells were treated with serum 
before electroporation and the electroloaded molecules were added after serum in the electroporation 
medium. In the present study, cells were treated with serum after their electroporation and 
immobilization, therefore the possibility exists for increasing cell viability by adding serum to “pulsing 
electroporation buffer” (see 2.1.1. above). This approach is currently under investigation by our 
research group. 
 
4. Conclusions 
 
Cell immobilization in alginate gels is becoming quite popular in the fabrication of cell-based 
biosensors, while cell electroporation is a standard method for (especially mammalian) cell 
transfection in order to approach a desired level of recognition selectivity. From a practical point of 
view, the present study demonstrated that a combination of both techniques could provide an attractive 
solution for fabricating sensors with increased performance characteristics, including storability and 
operational stability. This strategy seems to have a broader applicability beyond Vero cells, as 
indicated by our yet unpublished results with a larger number of cell lines (lamp testis, neuroblastoma 
N2a and hamster adult kidney) immobilized in a variety of gelling agents (Ca-alginate, bactoagar, ι-
carrageenan), whereas significant interactive (cell line X gelling agent) effects were observed. Further Sensors 2009, 9                                       
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improvements in this direction could result from modifications of the physical or chemical sensor 
enviroment, such as the addition of serum or specific ions (K
+, Mg
2+) at high concentrations [21].  
 
Acknowledgements 
 
This research project was partially funded by the EMBIO Project of the Cypriot Ministry of 
Industry, Commerce and Tourism.  
 
References 
 
1.  Rider, T.H.; Petrovick, M.S.; Nargi, F.E.; Harper, J.D.; Schwoebel, E.D.; Mathews, R.H.; 
Blanchard, D.J.; Bortolin, L.T.; Young, A.M.; Chen, J.; Hollis, M.A. A B cell-based sensor for 
rapid identification of pathogens. Science 2003, 301, 213-215. 
2.  Moschopoulou, G.; Kintzios, S. Application of "membrane-engineering" to bioelectric recognition 
cell sensors for the detection of picomole concentrations of superoxide radical: a novel biosensor 
principle. Anal. Chim. Acta 2006, 573-574, 90-96. 
3.  Moschopoulou, G.; Vitsa, K.; Bem, F.; Vassilakos, N.; Perdikaris, A.; Blouhos, P.; Yialouris, C.; 
Frossiniotis, D.; Anthopoulos, I.; Maggana, O.; Nomikou, K.; Rodeva, V.; Kostova, D.; Grozeva, 
S.; Michaelides, A.; Simonian, A.; Kintzios, S. Engineering of the membrane of fibroblast cells 
with virus-specific antibodies: a novel biosensor tool for virus detection Biosens. Bioelectron. 
2008, 24, 1033-1036. 
4.  Bahnson, A.B.; Boggs, S.S. Addition of serum to electroporated cells enhances survival and 
transfection efficiency. Biochem. Biophys. Res. Comm. 1990, 171, 752-757. 
5.  Delteil, C.; Teissie, J.; Rols, M.-P. Effect of serum on in vitro electrically mediated gene delivery 
and expression in mammalian cells. Biochim. Biophys. Acta 2000, 1467, 362-368. 
6.   Karel, S.F.; Briasco, C.A.; Robertson, C.R. The behavior of immobilized living cells. 
Characterization using isotopic tracers. Ann. NY Acad. Sci. 1987, 506, 84-105. 
7.  Willaert, R.; Baron, G. Gel entrapment and micro-encapsulation: Methods, applications and 
engineering principles. Rev. Chem. Engin. 1996, 12, 5-205. 
8.  Looby, D.; Griffiths, B. Immobilization of animal cells in porous carrier culture. Trends Biotech. 
1990, 8, 204-209. 
9.  Mao, C.; Kisaalita, W.S. Characterization of 3-D collagen hydrogels for functional cell-based 
biosensing. Biosens. Bioelectron. 2004, 19, 1075-1088. 
10. Kintzios, S.; Marinopoulou, I.; Moschopoulou, G.; Mangana, O.; Nomikou, K.; Endo, K.; 
Papanastasiou, I.; Simonian, A.  Construction of a novel, multi-analyte biosensor system for 
assaying cell division. Biosens. Bioelectron. 2006, 21, 1365-1373.  
11.  Lee, G.M.; Palsson, B.O. Monoclonal antibody production using free-suspended and entrapped 
hybridoma cells. Biotechnol Genet Eng Rev. 1994, 12, 509-533. 
12.  Schmidt, A.; Standfuß-Gabisch, G.C.; Bilitewski, U. Microbial biosensor for free fatty acids using 
an oxygen electrode based on thick film technology. Biosens. Bioelectron. 1996, 11, 1139-1145. Sensors 2009, 9                                       
 
 
385
13.  Barcellos-Hoff, M.H.; Aggeler, J.; Ram, T.G.; Bissell, M.J. Functional differentiation and alveolar 
morphogenesis of primary mammary cultures on reconstituted basement membrane. Development 
1986, 105, 223-235. 
14.  Zeira, M.; Tosi, P.F.; Mouneimne, Y.; Lazarte, J.; Sneed, L.; Volsky, D.L.; Nikolau, C. Full-
length CD4 electroinserted in the erythrocyte membrane as a long-lived inhibitor of infection by 
human immunodeficiency virus. Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 4409-4411. 
15.  De Backer, L.; Devleminck, S.; Willaert, R.; Baron, G. Reaction and diffusion in a gel membrane 
reactor containing immobilized cells. Bioeng. 1992, 40, 322-328. 
16. Kintzios, S.; Yiakoumetis, I.; Moschopoulou, G.; Maggana, O.; Nomikou, K.; Simonian, A. 
Differential effect of the shape of calcium alginate matrices on the physiology of immobilized 
neuroblastoma N2a and Vero cells: A comparative study. Biosens. Bioelectron. 2007, 23, 543-
548. 
17.  Ignatius, A.; Blessing, H.; Leidert, A.; Schmidt, C.; Neidlinger-Wilke, C.; Kaspar, D.; Friemert, 
B.; Claes, L. Tissue engineering of bone: effects of mechanical strain on osteoblastic cells in type 
I collagen matrices. Biomaterials 2005, 26, 311–318. 
18. O’Connor, S.M.; Andreadis, J.D.; Shaffer, K.M.; Ma, W.; Pancrazio, J.J.; Stenger, D.A. 
Immobilization of neural cells in three-dimensional matrices for biosensor applications. Biosens. 
Bioelectron. 2000, 14, 871-881. 
19.  Senoo, H.; Imai, K.; Sato, M.; Kojima, N.; Miura, M.; Hata, R. Three-dimensional structure of 
extracellular matrix reversibly regulates morphology, proliferation and collagen metabolism of 
perisinusoidal stellate cells (vitamin A-storing cells). Cell Biol. Int. 1996, 20, 501–512. 
20.  Fux, C.A.; Costerton, J.W.; Stewart, P.S.; Stoodley, P. Survival strategies of infectious biofilms. 
Trends Microbiol. 2005, 13, 34-40. 
21.  Baron, S.; Poast, J.; Rizzo, D.; McFarland, E.; Kieff, E. Electroporation of antibodies, DNA, and 
other macromolecules into cells: a highly efficient method. J. Immun. Methods 2000, 242, 115-
126. 
 
© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 
This article is an open-access article distributed under the terms and conditions of the Creative 
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/). 